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The quantum well states of a film can be used to sample the electronic structure of the parent bulk 
material and determine its band parameters. We highlight the benefits of two-dimensional film band 
mapping, with respect to complex bulk analysis, in an angle-resolved photoemission spectroscopy 
study of the 5d states of Au(111). Discrete 5d-derived quantum well states of various orbital 
characters form in Au(111) films and span the width of the corresponding bulk bands. For 
sufficiently thick films, the dispersion of these states samples the bulk band edges, as confirmed by 
first-principles calculations, thus providing the positions of the critical points of bulk Au in 
agreement with previously determined values. In turn, this analysis identifies several d-like surface 
states and resonances with large spin-splittings that originate from the strong spin-orbit coupling of 
the Au 5d atomic levels.  
  
  
I. INTRODUCTION 
 
Angle-resolved photoemission spectroscopy (ARPES) is a powerful experimental method, 
based on the photoelectric effect, for studying the electronic structure of bulk crystalline solids [1]. 
Within an independent electron approximation, symmetry rules and conservation laws link the 
kinetic energy and angular distribution of the photo-emitted electrons with the electronic bands 
inside the crystal. While the in-plane electron wave vector (k||) is conserved through the 
photoemission process, the surface potential step makes the initial state wave vector along the 
surface normal (k⊥) not directly measurable [2]. The most frequently used model to obtain k⊥ 
assumes free electron-like final states and a mean inner potential for the electrons inside the crystal 
[1]. The electronic structure of many solid systems has been determined by ARPES, and it has been 
especially successful in the identification of critical points [3,4]. 
The ARPES analysis of thin films can be exploited to map the electronic structure of the 
corresponding bulk crystals. In thin film systems k⊥ acquires discrete values, which are determined, 
in analogy with the particle-in-a-box picture, by the film thickness (i.e. the width of the potential 
well). The quantization of k⊥ gives rise to a finite number of two-dimensional quantum well (QW) 
states that span the width of the surface-projected bands of the parent bulk material. For sufficiently 
thick films, the QW state dispersion closely approaches the bulk band edges, which, therefore, 
become measurable by ARPES without the use of approximations [5]. In particular, this method can 
provide the location of critical points along several bulk directions with a single measurement. 
The experimental determination of the bulk band properties by thin film analysis depends 
critically on the ability of ARPES to observe QW states. Several studies report the detection of sp-
like QW states in thin metal films [5-20], while comparatively few deal with d-derived QW states 
[5, 8, 21-28]. Indeed, these states are difficult to resolve when the film thickness exceeds a few 
monolayers, due to the overlap of narrow d-bands with different symmetry. Nevertheless, the k||-
dependent dispersion of d-like QW states has been recently determined by ARPES on relatively 
thick Co [29] and Fe [30] films. 
In the present study d-derived QW states of various orbital symmetries are detected by 
ARPES in Au(111) films grown on Ag(111). On the basis of the very good agreement between 
experiment and density functional theory (DFT) calculations for a free-standing Au slab, the 
surface-projected Au band edges as a function of k|| are determined. This information provides the 
location of many Au critical points, which comprise previous observations for Au bulk crystals. The 
identification of Au band edges in the 5d region reveals several surface states and resonances, so far 
  
only predicted by theory, whose large spin-splittings derive from the strong spin-orbit interaction of 
the original 5d atomic levels. 
 
II. EXPERIMENTAL AND COMPUTATIONAL METHODS 
 
The experiments were performed at the VUV-Photoemission beamline of the Elettra 
synchrotron (Italy). The Ag(111) single crystal was prepared by cycles of Ar ion sputtering and 
annealing to 800 K. Au films were grown on the Ag substrate at 150 K. Post-deposition annealing 
to room temperature produces Au(111) films of uniform thickness, where d-like QW states could be 
detected by ARPES. Both substrate and films showed sharp (1×1) low energy electron diffraction 
patterns. Photoemission spectra were measured at 150 K, using a Scienta R-4000 electron analyzer 
and photon energies between 35 and 80 eV. The relatively large film thickness used in the 
experiment and the absence of Ag core level lines (not shown) allow us to interpret all observed 
features as Au-derived states. Energy and angular resolution were set at 25 meV and 0.3°, 
respectively. 
DFT calculations were performed with QuantumEspresso [31], a plane wave pseudopotential 
electronic structure code. The local density approximation (LDA) in the parameterization of Perdew 
and Zunger [32] was used for the exchange-correlation potential. The lattice constant of the free-
standing 24 monolayer Au slab was set according to the bulk experimental lattice constant 
(4.078Å), and the interlayer spacing within the slab was held fixed, since relaxation gave an 
incorrect description of the d band width. In calculations of the Au/Ag bilayer, the lattice constant, 
interlayer spacing, and atomic positions were fixed in accordance with those of bulk Au to facilitate 
comparison with the free-standing slab calculations. The resulting errors are negligible, since the 
lattice constants of Ag (4.085Å) and Au are extremely close. All calculations used ultrasoft 
pseudopotentials with plane wave cut-offs of 30 Ry for the wave function and 360 Ry for the charge 
density. Integrations over the two-dimensional Brillouin zone were performed on a 1212 k-point 
mesh for the free-standing Au slab and a 2020 k-point mesh for the Au/Ag bilayer with a smearing 
width of 0.020 Ry. The LDA+U method with U=1.5 eV was used [33]; this value of the Hubbard 
parameter was chosen to shift the center of gravity of the d bands down by 0.55 eV in accordance 
with the photoemission data. 
 
III. RESULTS AND DISCUSSION 
 
  
Fig. 1(a) shows ARPES data along the ̅–K̅  direction for a 24 monolayer (ML = 2.354 Å) 
Au(111) film. The observed spectroscopic features are identified as the Shockley surface state near 
the Fermi level (EF) at ̅, sp-like bands for binding energy above 2 eV and below 6 eV and d-like 
bands between 2 and 6 eV. A closer look at the data reveals a manifold of d-derived states that are 
not present in bulk Au(111). As an example, Fig. 1(b) reports energy distribution curves extracted 
from the area enclosed by the white box in Fig. 1(a), where five dispersive peaks are highlighted by 
vertical ticks. This is the signature of d-derived QW state formation, which can be identified by 
ARPES only in atomically uniform films, due to the narrow d-band width [21]. Fig. 1(c-f) reports 
ARPES spectra measured in the same energy-momentum region at different photon energies. These 
data are displayed as second derivatives along the energy axis to enhance the sensitivity to low-
intensity features. For all photon energies the electronic states are detected at the same position. The 
absence of k⊥-dependence confirms the two-dimensional character of the Au film electronic 
structure. Matrix element effects cause strong intensity variations of the photoemission signal as a 
function of photon energy and experimental geometry. 
DFT calculations for a free-standing 24 ML Au(111) film with the spin-orbit interaction 
included have been performed to identify the spectroscopic features in the ARPES data (Fig. 2(a)). 
The color code in the figure refers to the spatial character of the electronic states. Surface states are 
indicated by red lines, whose thickness is proportional to the charge density in the two topmost 
layers. QW states delocalized over the whole film are represented by blue lines. The grey shaded 
area shows the surface-projected bulk Au bands. Notably, at the selected film thickness (24 ML) the 
d-like QW states densely sample the corresponding bulk bands, thanks to their small energy 
separation. In particular, the distance between the surface-projected bulk band edges and the nearest 
QW states is less than 60 meV for all k|| values. Therefore, the width of the bulk bands as a function 
of k|| can be determined by the analysis of the QW states of corresponding symmetry with an 
accuracy better than 120 meV. 
Fig. 2(b-d) reports theoretical Au bulk bands (labeled B0-B5) along the L, LX and A1A2 
lines [34, 35], in order to link film to bulk properties. These lines project onto the ̅, M̅ and K̅ 
points, according to the scheme reported on the right hand side of Fig. 2(a). The bottom of B0 and 
the top of B5 have prevalently sp-character, while the other bands have prevalently d-like character. 
Red dots and lines indicate the experimental critical points, determined according to the procedure  
explained below. The connection between QW states and bulk bands is further described in the 
Supplemental Material [36]. 
 
A. Quantum well states 
  
 
In this section we show how the critical points of bulk Au are experimentally determined by 
thin film analysis. To this end, Fig. 3 presents the second derivative of the ARPES spectra for the 
24 ML Au film, without (left column) and with (right column) theoretical bands overlaid. Excellent 
agreement between experiment and theory is found once a rigid downward shift of 0.27 eV is 
applied to the calculated bands. Based on this agreement, we distinguish in the experimental dataset 
QW states of different orbital character and determine the related bulk band edges as a function of 
k||. The energy of these edges at ̅ and M̅ defines the experimental bulk critical points at L and X 
[36]. A few examples of this procedure are discussed in the following. 
Fig. 3(a,b) displays data taken at 65 eV photon energy along the K̅–̅–K̅ direction. The nearly 
parabolic B5-derived QW states at the top of the image overlap with flatter B4-derived QW states at 
larger binding energies. The topmost edge of the B4 states is marked by a high intensity surface 
resonance. Steeply downward dispersive features are associated to the B3-bulk band. Finally, an 
unresolved bundle of B5-derived QW states with negative aperture is seen at the bottom of the 
image. This analysis identifies the band edges of different QW state families as a function of k||. In 
particular, the position of these edges at ̅ coincides with the critical points of bulk Au along the L 
direction. The intense band at 2.28 eV is the top of the B4-derived states and corresponds to the 
L5,6
+
 critical point. The bright feature at the bottom of the image (3.92 eV) is connected to the 
global minimum of B5 between andL (see Supplemental Material [36]). From ARPES data 
collected over an extended energy range and with a few different photon energies, several other 
critical points are found along L (red dots in Fig. 2(b)). 
Analogously to Fig. 3(a,b), different families of QW states can be observed in the other panels 
of Fig. 3. Fig. 3(c,d) shows data along the K̅–M̅–K̅ direction in the proximity of M̅. B4-derived QW 
states are identified at the top of the panel and an overlapping between B3- and B2-derived QW 
states at the bottom of it. The dispersion of these bands in the perpendicular direction (i.e. ̅–M̅–̅) 
can be followed in Fig. 3(e,f). Again, the comparison between experiment and theory identifies the 
surface-projected band edges and the location of several critical points, which are reported as red 
dots along the LX direction (Fig. 2(c)).  
Table 1 shows the very good agreement between Au bulk critical points, previously 
determined by ARPES [37-45], and the results of the present investigation. Notably, Au bulk data 
have been obtained from different crystal faces by systematic change of the photon energy to scan 
the high symmetry direction perpendicular to the surface [37-43] or by complex triangulation 
methods [44,45]. Instead, our method gives the location of the same bulk critical points by the 
analysis of a single Au film with a few different photon energies. 
  
In Fig. 3(g,h) we attempt an examination of the bands along the A1A2 line, which projects on 
the K̅ point. In analogy to the previous cases, QW states of different orbital origin are resolved. The 
narrow width and complex dispersion of the bands at K̅  prevent a precise location of the 
corresponding bulk band edges along A1A2 . For this reason, dashed lines, rather than dots, are used 
in Fig. 2(d). 
 
Table 1. Experimental critical points for Au(111). The error bar is defined as the full width at 
half maximum of the related photoemission peak. 
Symmetry label Energy, eV 
This work Previous works 
8
+
 5.900.12 6.00[37], 6.01 [38] 
7
+
 4.600.10 4.60[37], 4.68 [38] 
8
+
 3.620.08 3.65[37], 3.71 [38] 
L5,6
+
 6.220.14 6.23 [37], 6.20 [38] 
L4
+
 5.000.12 4.88 [37], 5.00 [38] 
L4
+
 3.040.06 3.20 [38] 
L5,6
+
 2.280.07 2.30 [38] 
X7
+
 1.600.04 1.60 [39], 1.90 [40] 
X6
+
 2.760.06 2.40 [40] 
X7
+
 3.040.06 3.00 [40] 
X7
+
 7.780.16 7.50 [40] 
 
 
B. Effects of the hybridization with the Ag substrate 
 
Photoemission studies of Au films on Ag(111) [20, 46, 47] have revealed the influence of the 
substrate on the Au sp-derived QW states. Hybridization between Ag and Au electrons gives rise to 
strongly reduced interface reflectivity and modifications of the Au QW state dispersion with respect 
to the case of a free-standing Au(111) film. At variance with sp-states, Au d-states are much more 
  
localized and have much narrower bandwidths. In general, these properties tend to increase the 
interface reflectivity for d-levels, so that the particle-in-a-box picture inherent in our free-standing 
Au film calculations appears to be a good first approximation to the behavior of d-like QW states in 
the Au/Ag system.  
In order to quantify the effects of hybridization with the Ag substrate, we performed 
calculations for a 24 ML Au film on a 6 ML Ag substrate. The resulting band structure is shown in 
Fig. 4. The spatial localization of the states is represented by coloring the lines according to the total 
weight of the state on the Au film; blue represents states prevalently localized in Au, while the 
continuous progression from blue to green to yellow indicates increasing delocalization into the Ag 
substrate. To improve the clarity of the plot, the number of overlapping bands is reduced by 
applying a cutoff to omit the states which are most strongly localized on Ag (weight on Au < 0.35). 
The grey shaded regions display the surface-projected bulk bands of Au, similarly to Fig. 2(a). In 
agreement with previous studies, the B5-derived sp-like states delocalize significantly into the Ag 
substrate as shown by the green color of the lines. There are some significant displacements of the 
sp-derived QW states with respect to the corresponding results for a free-standing Au slab. On the 
other hand, hybridization-induced distortions are smaller for the d-derived states and observed only 
far away from the surface-projected bulk band edges (see Supplemental Material [36]). This proves 
the validity of the analysis reported in section III A, which is based on free-standing film 
calculations. 
From the experimental point of view, the d-like QW states in the Au film are very well 
defined for binding energies less than about 4 eV, where coupling with Ag states is negligible. For 
deeper energies, the combined effects of lifetime broadening and hybridization could explain the 
blurring of the electronic states in the ARPES signal (see Fig. 5). Nevertheless, Au-related d-like 
features are found near all the band edges, as predicted by the calculations shown in Figs. 2 and 4.  
   
C. Surface states 
 
The analysis reported in section III A determines the location of the surface-projected band 
gaps of bulk Au(111) and allows the identification of several d-like surface states and resonances. 
Theory predicts large spin-splittings for most of them, due to the spin-orbit coupling of the 5d 
atomic levels. We use the labeling of the surface states according to Refs. [34,48].  
Three surface states detected along the ̅–M̅ direction (Fig. 5(a,b)) have already been reported 
in the literature. The L-gap Shockley surface state, near EF at  ̅, and the S2 state, laying 8 eV 
below it, have similar Rashba-Bychkov-type spin-splitting [20,34], which is not resolved in the 
  
present dataset. The properties of the S8 surface state have been described in detail in our previous 
work [49]. All other surface features along ̅–M̅ are resonances. We notice that the S14 state is the 
analog of the Tamm surface state at the M̅ point of Cu(111) [50], but turns out to be a surface 
resonance in Au(111), as already pointed out in Ref. [34]. 
We focus now on the K̅ point, where theory predicts a number of surface states that have not 
been experimentally detected so far. Fig. 6(a,b) shows the highest d band gap along ̅–K̅–M̅. The 
S3a,b states, with prevalently dxz, dyz character, display a nearly constant spin-splitting as a function 
of k|| (0.30 eV at K̅). Analogous states for Ir(111) have been discussed in Ref. [51]. Two additional 
states detected in the same gap are unaccounted for by DFT calculations. The flat feature located at 
2.9 eV displays an abrupt attenuation as k|| moves away from K̅ . This behavior could be the 
fingerprint of a surface state to resonance transition upon coupling to bulk bands of the Ag 
substrate. A second flat band is observed at 3.05 eV. Trial tight binding calculations based on DFT 
parameters suggest that these two features are split-off surface states, generated near the bottom of 
the B4 band by suitable modifications of the surface potential. 
Four surface states are located in the band gap displayed in Fig. 6(c,d). S4a-c are very well 
reproduced if calculations are shifted by 0.18 eV to higher binding energies. S4b and S4c form a 
spin-orbit split pair of surface states, with a maximum splitting of about 1 eV at k|| = 0.7 Å
-1
. They 
belong to different irreducible representations [34] and are expected to open a gap of 0.04 eV at K̅, 
which is not resolved in the experimental dataset. S4d lies very close to the B2 bulk band edge. Part 
of it is probably observed around k|| = 0.75 Å
-1
, where an avoided crossing with the S4c state is 
expected. 
Finally, in the energy-momentum region displayed in Fig. 6(e,f) we observe the S5 family of 
states. While the dispersion of S5a is clearly identified, S5b and S5c are too close in energy to be 
individually resolved near K̅. 
Table 2 compares experimental and calculated binding energies for several surface states and 
resonances at the high symmetry points of the surface Brillouin zone. The LDA+U method used in 
the present work improves the agreement with the experimental data, with respect to the LDA 
results of Ref. [34]. However, significant discrepancies remain, as one can see from the last column 
of the table. The difference between theory and experiment increases from EF to approximately 2 
eV binding energy, where it reaches 0.42 eV and starts to decrease, becoming very little for binding 
energies higher than 4.5 eV. These discrepancies cannot be ascribed to hybridization with the Ag 
substrate (see Supplemental Material [36]), due to the highly localized character of the d-like 
surface states.  Instead, we attribute them to an overestimation of the d band width in the LDA+U 
method. 
  
Table 2. Binding energy (eV) of d-like surface states and resonances of Au(111). Labels are 
given in accordance with Refs. [34, 48]. The last column reports the difference between theoretical 
and experimental values in the present work. 
 
Surface 
feature 
Symmetry 
point 
Theoretical 
values [34] 
Present work  
Theoretical values Experimental values difference 
S14 M̅ – 1.57 1.70 -0.13 
S13 ̅ – 1.98 2.40 -0.42 
S11  ̅ – 2.00 2.40 -0.40 
S12 ̅ – 2.70 3.10 -0.40 
S3a K̅ 2.9 3.26 3.58 -0.32 
S3b K̅ 3.2 3.56 3.78 -0.22 
S4a K̅ 3.7 4.10  4.30 -0.20 
S1a ̅ 3.7 4.20 4.24 -0.04 
S4b,c K̅ 4.0 4.36,4.39 4.56 -0.20 
S9 M̅ – 4.75 4.82 -0.07 
S4d K̅ 4.7 5.04 – – 
S1b ̅ 5.0 5.60 5.62 -0.02 
S8 M̅ 5.4 5.90 5.93 -0.03 
S5a K̅ 5.5 5.93 5.92 0.01 
S5b K̅ 5.7 6.15 6.12 0.03 
S5c K̅ – 6.23 – – 
S2 ̅ 7.6 7.85 7.80 0.05 
S7 M̅ 6.6 7.10 7.02 0.08 
 
 
  
IV. Conclusions  
 
We have reported a detailed investigation of the electronic structure of a 24 ML Au(111) film. 
Despite the relatively large film thickness, ARPES is able to resolve QW states of d character, even 
in regions where two or more groups of QW states overlap. DFT calculations reproduce the 
experimental observations very well. Based on this agreement, the locations of several critical 
points of Au have been determined and found to be very similar to existing data for bulk Au. These 
results demonstrate that ARPES thin film analysis is a simple and efficient method for studying the 
surface-projected band structure of bulk materials. 
Additionally, we have experimentally identified most of the d-like surface states and 
resonances predicted by DFT calculations, thanks to the precise determination of the Au band 
edges. A number of surface features, located at K̅ and showing large spin-orbit splittings, have been 
observed for the first time. 
 
Acknowledgements 
 
We acknowledge the “Progetto Premiale, Materiali e disposivi magnetici e superconduttivi 
per sensoristica e ICT” of the Italian Ministry of Education, University and Research (MIUR), Italy. 
Work at SISSA was supported by PRIN-COFIN contract 2010LLKJBX 004, and in part by ERC 
Advanced Grant No.\ 320796-MODPHYSFRICT, by the Swiss National Science Foundation 
through a SINERGIA contract CRSII2\_136287, and by COST Action MP1303. 
 
References 
 
1. S. Hufner. Photoelectron Spectroscopy: Principles and Applications. Springer Science & 
Business Media, 2003. 
2. Ph. Hofmann, Ch. Søndergaard, S. Agergaard, S. V. Hoffmann, J. E. Gayone, G. Zampieri, 
S. Lizzit, and A. Baraldi, Phys. Rev. B 66, 245422 (2002).  
3. T. -C. Chiang, J. A. Knapp, M. Aono, and D. E. Eastman, Phys. Rev. B 21, 3513 (1980). T. -
C. Chiang and D. E. Eastman, Phys. Rev. B 22, 2940 (1980). 
4. F. J. Himpsel, J. A. Knapp, and D. E. Eastman, Phys. Rev. B 19, 2919 (1979). 
5. N. J. Speer, M. K. Brinkley, Y. Liu, C. M. Wei, T. Miller, and T.-C. Chiang, EPL, 88, 67004 
(2009). 
6. J. E. Ortega, F. J. Himpsel, G. J. Mankey, and R. F. Willis, Phys. Rev. B 47, 1540 (1993). 
  
7. T.-C. Chiang. Surface Science Reports 39, 181 (2000).  
8. D. V. Vyalikh, Yu. Kucherenko, F. Schiller, M. Holder, A. Kade, S. Danzenbächer, S. L. 
Molodtsov, and C. Laubschat. New J. Phys. 10, 043038 (2008). 
9. A. M. Shikin, O. Rader, G.V. Prudnikova, V. K. Adamchuk, and W. Gudat, Phys. Rev. B 
65, 075403 (2002). 
10. P. Moras, P. M. Sheverdyaeva, C. Carbone, D. Topwal, L. Ferrari, G. Bihlmayer, S. Ouazi, 
S. Rusponi, A. Lehnert, and H. Brune, J. Phys.: Condens. Matter 24, 335502 (2012). 
11. P. Moras, D. Wortmann, G. Bihlmayer, L. Ferrari, G. Alejandro, P. H. Zhou, D. Topwal, P. 
M. Sheverdyaeva, S. Blügel, and C. Carbone, Phys. Rev. B 82, 155427 (2010). 
12. P. Moras, D. Topwal, P. M. Sheverdyaeva, L. Ferrari, J. Fujii, G. Bihlmayer, S. Blügel, and 
C. Carbone, Phys. Rev. B 80, 205418 (2009).  
13. P. Moras, L. Ferrari, C. Spezzani, S. Gardonio, M. Ležaić, Ph. Mavropoulos, S. Blügel, and 
C. Carbone, Phys. Rev. Lett. 97, 206802 (2006). 
14. S.-J. Tang, Y.-R. Lee, S.-L. Chang, T. Miller, and T.-C. Chiang, Phys. Rev. Lett. 96, 216803 
(2006). 
15. T. Okuda, Y.Takeichi, K. He, A. Harasawa, A. Kakizaki, and I. Matsuda, Phys. Rev. B 80, 
113409 (2009). 
16. P. Moras, and C. Carbone, J. Phys.: Condens. Matter 21, 355502 (2009). 
17. A. Varykhalov, A. M. Shikin, W. Gudat, P. Moras, C. Grazioli, C. Carbone, and O. Rader, 
Phys. Rev. Lett. 95, 247601 (2005). 
18. S. K. Mahatha, and K.S. R. Menon, J. Phys.: Condens. Matter 25, 115501 (2013). 
19. M. Milun, P. Pervan, and D. P. Woodruff, Rep. Prog. Phys. 65, 99 (2002). 
20. D. Topwal, U. Manju, D. Pacilé, M. Papagno, D. Wortmann, G. Bihlmayer, S. Blügel, and 
C. Carbone, Phys. Rev. B 86, 085419 (2012). 
21. D.-A. Luh, J. J. Paggel, T. Miller, and T.-C. Chiang, Phys. Rev. Lett. 84, 3410 (2000). 
22. V. Mikšić Trontl, I. Pletikosić, M. Milun, P. Pervan, P. Lazić, D. Šokčević, and R. Brako, 
Phys. Rev. B 72, 235418 (2005). 
23. J.G. Tobin, S.W. Robey, and D.A. Shirley, Phys. Rev. B 33, 2270 (1986). 
24. J. Feydt, A. Elbe, H. Engelhard, G. Meister, and A. Goldmann, Surf. Sci. 452, 33 (2000). 
25. M. Kralj, P. Pervan, M. Milun, T. Valla, P. D. Johnson, and D. P. Woodruff, Phys. Rev. B 
68, 245413 (2003). 
26. M. Pivetta, F. Patthey, and W. D. Schneider, Surf. Sci. 532, 58 (2003). 
27. V. Mikšić Trontl, M. Kralj, M. Milun, and P. Pervan, Surf. Sci. 551, 125 (2004). 
  
28. A. P. Shapiro, T. C. Hsieh, A. L. Wachs, T. Miller, and T.-C. Chiang, Phys. Rev. B 38, 7394 
(1988). 
29. P. Moras, G. Bihlmayer, P. M. Sheverdyaeva, S. K. Mahatha, M. Papagno, J. Sánchez-
Barriga, O. Rader, L. Novinec, S. Gardonio, and C. Carbone, Phys. Rev. B 91, 195410 
(2015). 
30. C. Seibel, A. Nuber, H. Bentmann, M. Mulazzi, P. Blaha, G. Sangiovanni, and F. Reinert,  
Phys. Rev. B 90, 035136 (2014). 
31. P. Giannozzi et al., J. Phys.: Condens. Matter 21, 395502 (2009). 
32. J. P. Perdew, and A. Zunger, Phys. Rev. B 23, 5048 (1981). 
33. B. Himmetoglu, A. Floris, S. de Gironcoli, and M. Cococcioni, Int. J. Quantum Chem. 114, 
14 (2013). 
34. R. Mazzarello, A. Dal Corso, and E. Tosatti, Surf. Sci. 602, 893 (2008). 
35. =(0,0,0), X=(0,-1/2,-1/2), L=(0, -1/2, 0), A1=(1/3,-1/3,-1/6), A2=(1/3,-1/3,1/6)  in crystal 
units. 
36. See Supplemental Material at … for the connection between the electronic structure of bulk 
Au and Au thin films and hybridization effects in a Au/Ag bilayer.   
37. A. Baalmann, M. Neumann, H. Neddermeyer, W. Radlik, and W. Braun, Ann. Israel Phys. 
Soc. 6, 351 (1983). 
38. R.Courths, H.-G. Zimmer, A. Goldmann, and H. Saalfeld, Phys. Rev. B 34, 3577 (1986). 
39. P. Szczepanek, and R. Glosser, Solid State Commun. 15, 1425 (1974). 
40. M. Wohlecke, A. Baalmann, and M. Neumann, Solid State Commun. 49, 217 (1984). 
41. J. Stöhr, G. Apai, P. S. Wehner, F. R. McFeely, R. S. Williams, and D. A. Shirley, Phys. 
Rev. B 14, 5144 (1976) 
42. K. A. Mills, R. F. Davis, S. D. Kevan, G. Thornton, and D. A. Shirley, Phys. Rev. B 22, 581 
(1980). 
43. G. V. Hansson and S. A. Flodström, Phys. Rev. B 18, 1572 (1978). 
44. R. Courths, H. Wern, U. Hau, B. Cord, S. Hüfner, Solid State Commun. 49, 989 (1984). 
45. H. Wern, G. Leschik, U. Hau, R. Courths, Solid State Commun. 50, 581 (1984). 
46. T. Miller, A. Samsavar, G. E. Franklin, and T. -C. Chiang, Phys. Rev. Lett. 61, 1404 (1988). 
47. D.V. Vyalikh, E. Weschke, Yu.S. Dedkov, G. Kaindl, A.M. Shikin, V.K. Adamchuk, Surf. 
Sci. Lett. 540 L638 (2003). 
48. A. Dal Corso, Surf. Sci. 637-638, 106 (2015). 
49. R. Requist, P.M. Sheverdyaeva, P. Moras, S. K. Mahatha, C. Carbone, and E. Tosatti, Phys. 
Rev. B 91, 045432 (2015).  
  
50. R. Courths, H. Wern, and S. Hüfner, Solid State Commun. 61, 257 (1987). 
51. I. Pletikosić, M. Kralj, D. Šokčević, R. Brako, P. Lazić, and P. Pervan, J. Phys.: Condens. 
Matter 22, 135006 (2010). 
  
  
 
 
Figure 1. (a) ARPES spectra for a 24 ML Au film on Ag(111) measured along the  ̅– K̅ direction 
at 45 eV photon energy. (b) Energy distribution curves relative to the area enclosed in a white box 
in panel (a). Vertical ticks mark the band dispersion of five B4-derived QW states. (c-f) Second 
derivative ARPES spectra of the same energy-momentum region acquired with photon energies of 
(c) 35, (d) 45, (e) 65 and (f) 80 eV.  
  
  
 
 
 
 
Figure 2. (a) DFT calculations for a free-standing 24 ML slab of Au(111) along the M̅–̅–K̅–M̅ 
direction. The grey shaded region indicates the surface-projected Au bulk states. (b-d) Bulk bands 
of Au(111) along (b) L, (c) LX and (d) A1A2 lines [35]. Red dots indicate the experimental critical 
points. The irreducible representations at L and X are reported [34]. 
  
  
 
 
Figure 3. Second derivative photoemission spectra and corresponding DFT calculations (shifted 
down by 0.27 eV) for the 24 ML Au(111) film. (a,b) K̅–̅–K̅ direction, 65 eV photon energy. (c,d) 
K̅–M̅–K̅  direction, 65 eV photon energy. (e,f) ̅–M̅–̅  direction, 55 eV photon energy. (g,h) 
̅– K̅–M̅ direction, 45 eV photon energy.  
  
  
 
 
Figure 4. DFT band structure for a 24 ML Au(111) film on a 6 ML Ag(111) substrate. The color 
scale represents the spatial localization of the states inferred from their total weight on all Au layers.  
The gray shaded region shows the surface-projected Au bulk bands. 
  
 
Figure 5. (a) Second derivative ARPES spectra at 65 eV photon energy and (b) corresponding DFT 
calculations for the 24 ML Au(111) film along the ̅–M̅ direction. No energy shift is applied to the 
calculated bands. Black dots mark the experimental band dispersion of surface related features. 
  
  
 
 
Figure 6. Second derivative ARPES spectra acquired along the ̅–K̅–M̅ direction in the vicinity of  
K̅ and corresponding DFT calculations for a 24 monolayer Au(111) film. (a,b) Photon energy 80 
eV. Calculated bands are shifted downwards by 0.27 eV. (c,d) Photon energy 65 eV. Calculated 
bands are shifted downwards by 0.18 eV. (e,f) Photon energy 65 eV. No energy shift is applied. 
Black dots mark the experimental band dispersion of surface related features. 
 
